Bulk-rock geochemical compositions of hypabyssal kimberlites, emplaced through the Archaean Kaapvaal craton and Proterozoic Namaqua-Natal belt, are used to estimate close-to-primary magma compositions of Group I kimberlites (Mg-number ¼ 0Á82-0Á87; $22-28 wt % MgO; $21-30 wt % SiO 2 ; $10-17 wt % CaO; $0Á2-1Á7 wt % K 2 O) and Group II kimberlites (Mgnumber ¼ 0Á86-0Á89; $23-29 wt % MgO; $28-36 wt % SiO 2 ; 8-13 wt % CaO; $1Á6-4Á6 wt % K 2 O). Group I kimberlites are distinguished from Group II by their lower Ba/Nb (<12), Th/Nb (<1Á1) and La/Nb (<1Á1) but higher Ce/Pb (>22) ratios. The distinct rare earth element patterns of the two types of kimberlites indicate a more highly metasomatized source for Group II kimberlites, with more residual clinopyroxene and less residual garnet. The similarity of Sr and Nd isotope ratios and diagnostic trace element ratios (Ce/Pb,
INTRODUCTION
Studies of kimberlite magmatism provide a unique opportunity to investigate partial melting processes in the deeper parts of the Earth's upper mantle. Their unique ultramafic, potassic and volatile-rich character, with enrichment in both compatible and incompatible trace elements, suggests derivation from mantle source regions with a complex evolutionary history. Although there have been numerous studies focused on characterizing the major element geochemistry (e.g. Clement, 1982; Shee, 1985) , trace element geochemistry (e.g. Wedepohl & Muramatsu, 1975; Smith et al., 1985b) or isotope geochemistry (e.g. Smith, 1983; Fraser et al., 1985 Fraser et al., -1986 Nowell et al., 2004) , only relatively recently has trace element geochemistry been used to constrain petrogenetic processes and the evolution of kimberlite source regions (e.g. Fraser & Hawkesworth, 1992; Tainton & McKenzie, 1994; Beard et al., 1998; le Roex et al., 2003; Chalapathi Rao et al., 2004; Coe, 2004; Harris et al., 2004) .
Semi-quantitative genetic models argue for derivation of kimberlite by very low degrees of partial melting of metasomatically enriched, previously melt-depleted, garnet peridotite facies lithospheric mantle (Tainton & McKenzie, 1994; le Roex et al., 2003; Harris et al., 2004) . Such models are consistent with experimental studies suggesting carbonated garnet peridotite source regions (e.g. Dalton & Presnall, 1998a; Ulmer & Sweeney, 2002) . More exotic source regions such as garnetite (Edgar & Charbonneau, 1993) and clinopyroxene and mica-rich veins (Foley, 1992b) have, however, also been suggested. Two broad varieties of southern African kimberlites are recognized, and have been classified variously as 'basaltic' and 'micaceous' (on petrographic grounds; Wagner, 1914) , 'Group I' and 'Group II' (on isotopic grounds; Smith, 1983) or 'kimberlite' and 'orangeite' (Mitchell, 1995) . Group I kimberlites are defined as being slightly less radiogenic in terms of their Sr isotope and more radiogenic in terms of their Nd isotope compositions than present-day Bulk Earth, and in this regard show similarity to ocean island basalts (OIB). Smith (1983) associated such kimberlites with a sub-lithospheric mantle source. Group II kimberlites, which tend to be more micaceous, have highly radiogenic Sr isotope compositions relative to Bulk Earth and have been associated with direct derivation from the subcontinental lithospheric mantle (SCLM; Smith, 1983; Fraser et al., 1985 Fraser et al., -1986 Tainton & McKenzie, 1994; Coe, 2004) . The interpretation of the results of Hf isotope studies are variable; Nowell et al. (2004) have proposed that both Group I and Group II kimberlites have sublithospheric sources, whereas Griffin et al. (2000) and Choukroun et al. (2005) preferred a model with contributions from both asthenospheric and sub-lithospheric mantle sources. Similarly, le have argued for a two-stage model for the generation of Group I kimberlites, involving both sub-lithospheric and lithospheric mantle source components.
The origin of both Group I and Group II Mesozoic kimberlites within southern Africa, from both on-craton and off-craton settings, is investigated in this study. This is done by combining major and trace element and isotope and subsequently developing semi-quantitative genetic models. These models are aimed at identifying petrogenetic processes and source region compositions that can account for the observed similarities and differences. Possible causes of kimberlite source region enrichment (metasomatism), and the origin of metasomatic melts or fluids, are also explored.
To achieve these objectives, close-to-primary magma compositions for the individual kimberlites analysed in this study are determined, after taking into account the effects of various secondary processes and fractional crystallization. Semi-quantitative modelling of kimberlite genesis and source geochemistry is used to evaluate mantle source region characteristics and evolutionary processes, as a basis for the development of an integrated model describing the petrogenesis of South African Group I and Group II Mesozoic kimberlites.
GEOLOGICAL SETTING AND SAMPLING
Kimberlites in southern Africa have been emplaced either through the Archaean Kaapvaal craton (de Wit et al., 1992 ; 'on-craton kimberlites') or through the surrounding Namaqua-Natal Mesoproterozoic metamorphic belt (off-craton kimberlites). Most of the 23 Group I and Group II kimberlites that form the basis of this study crop out within the shales, mudstones and sandstones of the Phanerozoic Karoo Supergroup, and range in age from $74 Ma to $150 Ma (Davis, 1977; Smith et al., 1985a Smith et al., , 1994 ; the Group II kimberlites are predominantly older than the Group I kimberlites.
On-craton kimberlites analysed in this study ( Fig. 1 ; Table 1 ) are the Group I kimberlite occurrences at Koffiefontein, Jagersfontein and Monastery, and the Bellsbank, Newlands, New Elands and Finsch Group II kimberlites. Off-craton kimberlites comprise the Abbotsford East and Zeekoegat Group I kimberlites from East Griqualand (Nixon et al., 1983) , as well as Group I and Group II kimberlites located within the vicinity of Victoria West, Prieska and Hanover (Robey, 1981; Skinner et al., 1992) . Some of the kimberlites located near Prieska and Hanover are inferred to have been emplaced within Archaean crystalline basement (e.g. Goedehoop, Andriesfontein kimberlites) according to their relationship to the Brakbos fault, the generally accepted border between Proterozoic and Archaean Provinces (Pretorious, 1974; Cornell et al., 1986; Schmitz et al., 2004) . In this study these kimberlites are considered to be on-craton.
Sampling was focused on hypabyssal kimberlite to avoid the excessive alteration and contamination present in most diatreme-facies kimberlite; material was selected to avoid obvious alteration, weathering and crustal contaminants. Where possible, multiple samples were collected from individual kimberlite bodies; the final sample suite includes material recovered from field outcrop, underground mine workings, collections housed at the University of Cape Town and collections provided by the De Beers Geoscience Centre.
X'Unique wavelength-dispersive spectrometer using a low dilution fusion technique (Willis, 1999) . Selected trace elements (Co, V, Cu, Nb and Zr) were determined by XRF on 6 g powder briquettes with accuracy and precision values for XRF analyses similar to those reported by le Roex et al. (1981) . A more comprehensive set of trace elements including the rare earth elements (REE) was analysed by solution inductively coupled plasma mass spectrometry (ICP-MS) on a Perkin-Elmer ELAN 6000 system. A detailed description of the sample preparation techniques and analyses of procedural blanks and standards has been given by le . The relative standard deviation for most elements was generally better than 3%. Zr and Nb data by XRF and ICP-MS generally show good agreement, suggesting that incomplete dissolution of FeÀTi-oxides or zircon was not a significant problem. CO 2 was determined using a Karbonat Bombe according to the method described by Birch (1981) , with relative precision between 2 and 5%.
Representative samples were prepared for Sr and Nd isotope analysis by thermal ionization mass spectrometry (TIMS) on a VG Sector seven-collector system run in multi-dynamic mode, using standard ion exchange techniques as described by Hart (1977) and Zindler (1980) . 87 Nd ratios of 0Á710260 AE 17 (2s; n ¼ 3) and 0Á511829 AE 10 (2s; n ¼ 1), respectively.
PETROGRAPHY
The analysed kimberlites can be divided according to texture into macrocrystic and aphanitic varieties (Clement & Skinner, 1979; Clement et al., 1984) . The non-genetic textural term 'macrocrystic' is used to indicate the presence of predominantly large, anhedral, olivine crystals (>2 mm) that may have been derived from disaggregated mantle xenoliths (Clement et al., 1984; le Roex et al., 2003) . All samples with >10 vol. % macrocrysts are classified as macrocrystic. More euhedral olivine and phlogopite crystals, >1 mm in size, are referred to as phenocrysts and if <1 mm, as microphenocrysts. Mineral abundances are summarized for representative kimberlite samples in Table 1 . Light dot-dash boundary represents the Namaqua-Natal mobile belt. Figure adapted from Carlson et al. (2000) . Filled symbols indicate locations of the Kimberley Group I kimberlites, the off-craton Uintjiesberg Group I kimberlite and the Star and Swartruggens Group II kimberlites. Numbers represent clusters of kimberlites; for individual kimberlites localities and coordinates are given in Table 1 . Both on-and off-craton Group I kimberlites are mineralogically classified as serpentine calcite or calcite kimberlites (Table 1 ; using the classification scheme proposed by Clement & Skinner, 1979) ; most are sparsely macrocrystic to macrocrystic in texture, except for the aphanitic Lekkerfontein kimberlite. The subhedral to anhedral olivine macrocrysts, which may be up to 10 mm in size, are variably serpentinized and sometimes chloritized, and are the most abundant macrocryst phase (10-33 vol. %), whereas phlogopite (<10 vol. %) and ilmenite (<5 vol. %) are less abundant. Phlogopite macrocrysts tend to be corroded and show undulose extinction or kink banding, as well as, in some samples (Goedehoop, Klipgatsfontein, Hebron kimberlites), the development of calcite stringers along cleavage planes. Rare ilmenite macrocrysts, characterized by groundmass perovskite aggregations along their rims, are possibly correlated with the kimberlite 'megacryst suite', including zircon, known to occur in these kimberlites (e.g. Monastery, Lekkerfontein and Gansfontein kimberlites; Boyd & Nixon, 1975; Monastery, Lekkerfontein and Gansfontein kimberlites; Robey, 1981) .
Euhedral to subhedral olivine phenocrysts and microphenocrysts are present in all the analysed Group I kimberlites, varying in abundance between 10 and 30 vol. %. In contrast, phlogopite phenocrysts occur in only two of the samples ( JJG 4295, LKF 1). Fine-grained calcite and serpentine are the predominant groundmass phases, forming either a uniform or segregationary texture (Clement & Skinner, 1979) , with some of the segregations showing very well-developed rhombohedral calcite crystals up to 500 mm in size. Calcite segregations can reach up to a few millimetres in size. Scattered, stubby-shaped groundmass phlogopite crystals occur in most kimberlites except for Goedehoop, Hebron and Kligatsfontein, whereas equant groundmass opaque oxide and lesser amounts of perovskite crystals ($100 mm) are ubiquitous. In comparison with other on-craton kimberlites (e.g. Kimberley kimberlites, Clement, 1982) , the off-craton kimberlites in this study appear not to be characterized by the presence of groundmass monticellite. However, given that primary monticellite is prone to alteration, forming secondary serpentine and calcite (Clement, 1982) , its paucity may reflect the more altered nature of the off-craton kimberlites.
Both on-and off-craton Group II kimberlites are classified as phlogopite kimberlites or calcite phlogopite/ phlogopite calcite kimberlites and vary in texture between sparsely macrocrystic and macrocrystic (up to 45 vol. % macrocrysts). Anhedral olivine macrocrysts, up to 15 mm in size, are variably altered, by serpentinization along fractures, calcitization in patches or chloritization along their rims. Strained phlogopite macrocrysts (up to 20 vol. %) show strong pleochroism and are rimmed by tetraferriphlogopite or chlorite (e.g. Newlands kimberlite). In the off-craton Eendekuil kimberlite, the phlogopite macrocrysts show slight flow alignment. Garnet macrocrysts, rimmed by kelyphite or chlorite, were also identified in a few of the kimberlite samples (Newlands: JJG 24, KN 2; Markt: MRK 3).
Olivine phenocrysts are ubiquitous in all of the analysed Group II kimberlites and may constitute up to 35 vol. % of the rock. Tabular phlogopite phenocrysts, rimmed by tetraferriphlogopite, are also common, whereas subdhedral diopside phenocrysts were identified only in Eendekuil kimberlite sample EKL 1. Short, stubby, interlocking phlogopite crystals, rimmed by tetraferriphlogopite, form the dominant (15-40 vol. %) groundmass phase in most of the analysed Group II kimberlites; these vary in size from being very finegrained (50-100 mm) to fine-grained (100-500 mm). Groundmass calcite is the next most common matrix phase (up to 30 vol. %) and is generally interstitial, although it may sometimes form calcite segregations up to 4 mm in size. Although matrix serpentine was recognized in a few kimberlite samples, it is likely that some is secondary in origin (e.g. Brandewynskuil kimberlite). Similarly, the chloritization of groundmass phlogopite in some kimberlites (Bellsbank and Newlands) and pervasive carbonatization in others (Roberts Victor, RVK 1) is inferred to be an alteration feature. Accessory opaque oxides and perovskite crystals are very fine-grained (20-50 mm) and relatively sparse; perovskite crystals may be poikilitically enclosed in phlogopite microphenocrysts (e.g. New Elands kimberlite). Trace amounts of apatite needles, 50-500 mm in size, have also been recognized in the Bellsbank, New Elands, Newlands, Roberts Victor and Markt kimberlites. No significant petrographic differences are recognized between on-and off-craton Group II kimberlites.
GEOCHEMISTRY
The major and trace element compositions of selected on-and off-craton kimberlites are reported in Table 2 , with Nd-Sr isotope compositions in Table 3 . The complete kimberlite dataset used in this study is available online (Electronic Appendix 1; http://www.petrology. oupjournals.org). The data are supplemented with analyses from the on-craton Group I Kimberley kimberlites (le , Swartruggens and Star Group II kimberlites (Coe, 2004) shown as fields, and with analyses from the off-craton Group I Uintjiesberg kimberlite , shown as data points in Figs 2-6.
On-and off-craton Group I kimberlites 
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*Major and XRF trace element analyses from Clark (1994 Clement (1982) is also given for reference. --, not determined. Harris et al. (2004) . Initial isotope (i) ratios were calculated using kimberlite emplacement ages (Ma) unless otherwise indicated (*), for which ages have been assumed. Ages from Allsopp & Barrett (1975) , Davis (1977) , Clement et al. (1979) , Allsopp [unpublished, in Skinner (1989) ], and Smith et al. (1994 ) >0Á85), than the less macrocrystic samples (Mg-numbers ¼ 0Á76-0Á85). FeO* (all iron as Fe 2þ ) concentrations vary from 7Á5 to 15Á3 wt % and tend to show a broad negative correlation with MgO (Fig. 2b) . Samples from the Monastery, Lekkerfontein and Gansfontein kimberlites that have >11 wt % FeO* are interpreted to have been contaminated by ilmenite megacrysts, known to be abundant at these localities (Boyd & Nixon, 1975; Robey, 1981) . It is also apparent that off-craton kimberlites tend to have lower SiO 2 and MgO, but higher FeO* than on-craton kimberlites (disregarding those kimberlites affected by ilmenite megacryst contamination), although still broadly falling within the field of on-craton Group I kimberlites.
The range in TiO 2 contents of the samples is greater than that for Al 2 O 3 (1Á0-5Á1 wt % TiO 2 and 1Á8-4Á4 wt % Al 2 O 3 ; Fig. 2c , Table 2 ), and samples fall generally within the field of the on-craton Kimberley kimberlites. Ignoring the possible effect of ilmenite megacryst contamination (e.g. TiO 2 >4 wt % in Gansfontein, Monastery and Lekkerfontein kimberlites), it is apparent that off-craton kimberlites have compositions that tend to plot towards the high TiO 2 end of the field of on-craton Group I kimberlites (Fig. 2c) . The majority of the Group I kimberlite samples have low K 2 O abundances (<1Á5 wt %; Fig. 2c ), except for a few outliers (1Á6-2Á4 wt % K 2 O; Lekkerfontein, Monastery, Gansfontein kimberlites). A well-defined negative correlation exists between CaO and SiO 2 (Fig. 2d) , whereas CO 2 (1Á5-11Á7 wt %) and CaO (7Á0-16Á7 wt %) are positively correlated (Table 2) . Most off-craton kimberlites tend to have higher CaO and CO 2 than the on-craton kimberlites, although still broadly falling within the field of on-craton kimberlites. (Coe, 2004) . Group I-Group II dividing lines in (c) are from Smith et al. (1985b) .
Transition metals show good positive correlations with MgO (e.g. Ni in Fig. 3a) , with Ni varying between 340 and 1500 ppm, and Cr varying between 450 and 2028 ppm (Table 2) . No significant differences between on-and off-craton kimberlites are apparent within this group of elements, although concentrations do show some correlation with olivine macrocryst content. Large ion lithophile element (LILE) concentrations are highly variable (e.g. 9-112 ppm Rb; 280-2276 ppm Ba) and show no correlation with the more immobile incompatible elements (e.g. La in Fig. 3b ). Inter-element correlations of high field strength elements (HFSE; Zr, Nb and Hf ) with other incompatible elements (e.g. La) are generally good over a wide range of concentrations (Fig. 3c) . Inter-element ratios involving fluid-mobile elements are highly variable (e.g. K/Rb ¼ 33-240; Ce/Pb ¼ 14-49), whereas those involving the more immobile elements are more restricted (Figs 3 and 4 ; e.g. La/Nb ¼ 0Á7 AE 0Á1; Th/Nb ¼ 0Á09 AE 0Á02; Zr/Hf ¼ 52 AE 6Á6; Nb/Ta ¼ 20 AE 5Á6). All of the analysed Group I kimberlites, both on-and off-craton, have broadly similar sub-parallel chondritenormalized REE patterns (Fig. 5a) , with considerable enrichment of the light REE (LREE; La ¼ 300-1300 · chondrite) relative to the heavy REE (HREE; Lu ¼ 3-8 · chondrite). In detail, La/Yb N (44Á7-267) and La/Sm N (4Á3-7Á2) ratios are significantly variable. The analysed on-and off-craton kimberlites generally fall within the fields of the on-craton Kimberley and off-craton Uintjiesberg kimberlites, respectively (Fig. 5a ), although it is evident from Fig. 4c and d that off-craton Group I kimberlites tend to have lower La/Sm, La/Yb and Gd/Yb ratios than some of their on-craton counterparts.
Primitive mantle-normalized trace element patterns are generally smooth, with strong enrichment in the more incompatible elements (e.g. Nb ¼ 155-603 and Ba ¼ 24-326 · primitive mantle), and relative depletions of Rb, K, Sr, Hf and Ti (Fig. 6a) . These negative anomalies appear to be a characteristic feature of Group I kimberlites (le Harris et al., 2004) . The magnitudes of the anomalies can be described by the X/X* notation (where X is the normalized value and X* the interpolated value calculated from the adjacent elements). Negative Rb and K anomalies tend to be larger (K/K* ¼ 0Á0-0Á3; calculated using Th and La and not U because of its mobility) than the Ti anomalies Coe (2004) and Harris et al. (2004) . Normalizing values are from Sun & McDonough (1989) .
(Ti/Ti* ¼ 0Á3-1Á0). In some instances (e.g. Koffiefontein kimberlite), the magnitudes of the anomalies increase with the level of incompatible element enrichment in individual samples. Minor negative Sr anomalies, as well as occasional negative Hf anomalies, are also features of the analysed Group I kimberlites. Rare, strongly positive Zr-Hf anomalies (Fig. 6a) Harris et al. (2004) , are reported in Table 3 and illustrated in Fig. 7 . Initial 87 Sr/ 86 Sr ratios of the analysed Group I kimberlites vary from 0Á70328 AE 2 to 0Á70537 AE 2, whereas initial 143 Nd/ 144 Nd ratios vary between 0Á51249 AE 1 and 0Á51271 AE 1, and generally show good overlap with the field of southern African Group I kimberlites (Fig. 7) . The strong displacement of the single sample COL 9 to high 87 Sr/ 86 Sr (Fig. 7) 
On-and off-craton Group II kimberlites
Although there is considerable scatter in the data, for a given MgO content the analysed Group II kimberlites are characterized by higher SiO 2 contents (29Á0-43Á1 wt %) than the Group I kimberlites (Fig. 2a) ; this feature is also shown by the on-craton Swartruggens and Star Group II kimberlites (Coe, 2004) . Unlike the Group I kimberlites, there is no obvious correlation between MgO and SiO 2 , although some within-pipe correlations do exist (e.g. Markt and Eendekuil kimberlites). Variation in MgO concentrations and Mg-number is large (MgO ¼ 17Á1-36Á3 wt %; Mg-number ¼ 0Á80-0Á91), with the more MgO-rich samples being more macrocrystic in character (e.g. Bellsbank, Newlands and Markt kimberlites). The off-craton Eendekuil kimberlite (argued later to be highly fractionated) falls outside these ranges, having substantially lower MgO and Mg-number ( Fig. 2a; Table 2 ). FeO* contents mostly range from 6Á4 to 8Á0 wt % (Fig. 2b) , with the evolved off-craton Eendekuil kimberlite being richest in FeO* (up to 11Á5 wt %).
Most samples show low abundances of TiO 2 (0Á56-1Á4 wt %) and Al 2 O 3 (0Á79-4Á5 wt %), but some (e.g. Eendekuil and Brandewynskuil kimberlites), argued later to show evidence for crustal contamination and crystal fractionation, tend to high TiO 2 (>2 wt %) and Al 2 O 3 (>5 wt %). On the whole, the Group II kimberlites show distinctively lower TiO 2 , but higher K 2 O (up to 5 wt %) Sr/ 86 Sr for on-and off-craton Group I and Group II analysed in this study (Table 3) . Isotope data plotted for the Finsch and New Elands kimberlites analysed include data from Fraser & Hawkesworth (1992) and Smith (1983 Sr represent the magnitude of the change in isotope ratios over 100 Myr. Initial isotope ratios are calculated according to the age or inferred age of intrusion and 2s errors are less than the symbol size. Labelled shaded fields represent published data for South African Group I, Group II and Transitional kimberlites (Smith, 1983; Fraser & Hawkesworth, 1992; Tainton, 1992; Clark, 1994; Nowell et al., 1999 Nowell et al., , 2004 Coe, 2004; Becker & le Roex, in preparation) and South Atlantic OIB (O'Nions & Pankhurst, 1974; O'Nions et al., 1977; le Roex et al., 1990). than the Group I kimberlites (Fig. 2c) , a characteristic feature noted by Smith et al. (1985b) . The on-craton Newlands and Bellsbank Group II kimberlites have unusually low K 2 O (0Á53-1Á9 wt %), and for reasons discussed later are referred to as Group IIb kimberlites. Good correlations exist between CaO (4Á8-21Á3 wt %), CO 2 (up to 15Á1 wt %) and SiO 2 (Fig. 2d) ; for a given SiO 2 content Group II kimberlites tend to have higher CaO than Group I kimberlites. CaO and CO 2 concentrations in the analysed Group II kimberlites are more variable than in the Swartruggens and Star kimberlites (Fig. 2d) . Other than off-craton Group II kimberlites having generally higher CaO for a given SiO 2 content, no other obvious differences are evident in the major element geochemistry of on-and off-craton Group II kimberlites.
The transition metals Ni (570-2062 ppm) and Cr (485-2326 ppm) show a wide range in abundance and correlate well with MgO ( Fig. 3a) and Mg-number. Although the off-craton Group II kimberlites tend to have lower Ni than their on-craton counterparts, this might simply reflect the small size of the off-craton dataset and the unusually evolved Eendekuil kimberlite. Of perhaps more significance is that Group II kimberlites tend to have higher Ni concentrations, for a given MgO content than Group I kimberlites (Fig. 3a) . LILE and Pb concentrations of Group II kimberlites show poor correlation with the more immobile incompatible elements (e.g. La; Fig. 3b ), but are distinctively higher (31-210 ppm Rb; 780-7345 ppm Ba; 17-64 ppm Pb (Sanddrift sample K5/P2 excepted) than in Group I kimberlites (Table 2 ; Fig. 3 ).
Incompatible element ratios are particularly useful in distinguishing between Group I and Group II kimberlites, with the latter having significantly lower Ce/Pb (16 AE 12) and higher La/Nb (1Á6 AE 0Á5), Ba/Nb (24 AE 10) and Th/Nb (0Á21 AE 0Á06) (e.g. Table 2 ; Fig. 4) . The high values for ratios involving Nb reflect the characteristic depletion in Nb (38-192 ppm) compared with Group I kimberlites ($100-400 ppm; Fig. 3 ). In contrast, interelement ratios of other HFSE pairs (e.g. Zr/Hf ¼ 47 AE 5; Nb/Ta ¼ 25 AE 10) are not dissimilar to those of Group I kimberlites (Zr/Hf ¼ 52 AE 6Á6; Nb/Ta ¼ 20 AE 5Á6).
The chondrite-normalized REE patterns of the analysed Group II kimberlites are sub-parallel and characterized by extreme LREE enrichment (La up to 1600 · chondrite) relative to the HREE (Lu ¼ 2-10 · chondrite; Fig. 5b) , with most of the analysed samples falling in the field defined by the on-craton Swartruggens and Star Group II kimberlites; exceptions are Finsch, Middlewater and Sanddrift. La/Yb and La/Sm are generally high and illustrative of the steep LREE slope in chondritenormalized diagrams (La/Yb N ¼ 44-180, La/Sm N ¼ 5Á3-9Á3), with the two on-craton Group IIb kimberlites (Bellsbank and Newlands) having appreciably higher La/Yb N (183-300) and La/Sm N (11Á1-12Á3) ratios (Fig. 4d) . Of significance is that the Group II kimberlites have distinctly higher La/Sm and La/Yb ratios, but lower Gd/Yb ratios than Group I kimberlites ( Fig. 4c and d) .
Steep patterns, similar to the chondrite-normalized REE patterns, occur on primitive mantle-normalized trace element diagrams (Fig. 6b) with the analysed samples showing strong enrichment in incompatible elements (e.g. Ba ¼ 112-779 and Th ¼ 87-677 · primitive mantle). Superimposed on the generally smooth patterns, there are distinct relative depletions in Rb, Ti and Sr, enrichment in Pb and a broad depletion in the group of elements K-Ta-Nb (Fig. 6b) , features that are common to the Swartruggens and Star Group II kimberlites (Coe, 2004) . Samples from the Bellsbank and Newlands kimberlites are distinct in having a strong relative depletion in K (K/K* <0Á1) and Rb (see insert to Fig. 6b ), more akin to the Group I kimberlites (Fig. 6a) . Consequently, as mentioned above, Group II kimberlites are subdivided into two varieties, Group II with subdued relative depletion in K, and Group IIb with strong relative depletion in K (and Rb). The Group IIb kimberlites also tend to have larger negative Ti anomalies (Ti/Ti* ¼ 0Á2-0Á3 vs 0Á2-0Á8). Positive Pb anomalies on primitive mantle-normalized diagrams are a feature of all but one (Sanddrift kimberlite, which also has a large negative P anomaly) of the analysed Group II kimberlites (Ce/Pb N <1; Fig. 6b) , with some samples showing fairly large anomalies. The Swartruggens and Star Group II kimberlites are likewise relatively enriched in Pb (Fig. 6b) . Most samples also show a minor relative depletion in Hf (Sm/Hf N <2Á0), but in the Eendekuil kimberlite there is a much better developed distinct negative Zr and Hf anomaly (Sm/Hf N $2Á9). Depletion in Ta and Nb is a ubiquitous feature of the analysed Group II kimberlites, as well as of the Swartruggens and Star Group II kimberlites (Coe, 2004) with La/Nb N ratios generally being >1Á3 (Table 2) . Initial 87 Sr/ 86 Sr ratios of the Group II kimberlites analysed in this study vary from 0Á70728 AE 2 to 0Á70837 AE 2, whereas initial 143 Nd/ 144 Nd ratios are characteristically unradiogenic and vary from 0Á51186 AE1 to 0Á51205 AE 1 (Table 3) . No significant isotopic differences are evident between on-and off-craton Group II kimberlites. The co-variation of initial 143 Nd/ 144 Nd and 87 Sr/ 86 Sr ratios shows a scattered distribution that lies within the field previously defined for South African Group II kimberlites (Fig. 7) , lying well within the 'enriched quadrant' (Smith, 1983; Fraser & Hawkesworth, 1992; Tainton, 1992; Nowell et al., 1999 Nowell et al., , 2004 Coe, 2004) .
PETROGENESIS
The volatile-rich and hybrid nature of kimberlite magmas requires that considerable care be given to addressing contamination and alteration processes that might have compromised the kimberlite magma composition subsequent to leaving the source region (e.g. le . Before considering possible genetic models, we first consider the possible impact of such secondary processes on the geochemistry of the analysed samples.
Alteration and crustal contamination
The brecciated and permeable nature of kimberlites makes them prone to alteration (Berg & Allsopp, 1972) , particularly as primary kimberlite magmas are volatilerich. Alteration of the kimberlite can be both a primary (movement of crystallizing deuteric fluids) and a secondary (movement of meteoric waters) process. Not only do the kimberlites in this study show various petrographic features indicative of alteration (e.g. serpentinization or carbonatization), but these effects can also be identified in the major element geochemistry (e.g. loss of MgO and gain of volatiles during serpentinization), trace element geochemistry (e.g. lack of correlation of the mobile elements Rb and K with more immobile elements such as La; Fig. 3b ) and isotope geochemistry (e.g. increase of 87 Sr/ 86 Sr ratios, Barrett & Berg, 1975 ; seen most strongly in sample COL 9). The HFSE are generally unaffected by such processes.
Similarly, because kimberlites commonly entrain numerous crustal xenoliths, the degree of assimilation of country rock and its effect on bulk-rock geochemistry needs to be considered. The effects of crustal contamination (e.g. increase in SiO 2 , Al 2 O 3 and Na 2 O, and decrease in MgO) can be partially quantified with the contamination index (C.I.) of Clement (1982) , or qualitatively recognized using parameters identified by le Roex et al. (2003; e.g. raised HREE patterns, raised Pb in Group I kimberlites). Most Group I and Group II kimberlites in this study have a C.I. near unity and less than 1Á5, respectively, i.e. classify as being uncontaminated.
Through careful initial sampling and removal of all visibly altered or veined material and xenolith fragments, the effects of alteration and contamination have been minimized. Furthermore, by applying the geochemical criteria listed by le , in combination with Clement's (1982) C.I., those analysed compositions that appear to have been severely compromised either are excluded from the following petrogenetic discussions or are specifically mentioned. The interpretation of the geochemistry of the remaining samples is done with caution, with reference being made to occasions when alteration or contamination still needs to be borne in mind.
Macrocryst entrainment
Macrocrysts entrained by kimberlites are typically anhedral with strained physical characteristics that suggest they are xenocrysts, derived from disaggregated mantle peridotite xenoliths (Clement et al., 1984; Shee, 1985) . Consequently, macrocrystic kimberlites are generally considered to be aggregates of mantle minerals as opposed to true liquid compositions (le . A number of previous studies (e.g. Fraser & Hawkesworth, 1992; Beard et al., 2000; le Roex et al., 2003; Coe, 2004; Harris et al., 2004) have demonstrated that some of the variation in kimberlite bulk-rock geochemistry can be attributed to the entrainment of xenoliths of mantle peridotite; this is also true for the present study.
To consider only liquid compositions, the effect of macrocryst entrainment has to be addressed for each kimberlite sample. The regional nature of this study has resulted in few of the kimberlites being sampled in sufficient detail to evaluate evolutionary trends and the effect of peridotite entrainment, within a single kimberlite locality, as has been done in other kimberlite studies (e.g. Harris et al., 2004) . Consequently, what we have done is to assume that all the olivine macrocrysts in a particular sample are derived from disaggregated garnet lherzolite xenoliths [using an average composition calculated from Grégoire et al. (2003) ]. Using proportions based on the estimated modal olivine abundance in the kimberlite sample, an equivalent proportion of garnet lherzolite was accordingly subtracted. In view of the inherent errors in estimating modal abundances, this correction procedure was applied only to samples with >10% modal olivine macrocrysts. Compatible trace elements were corrected using an average composition of garnet lherzolite (Grégoire et al., 2003) , whereas incompatible trace elements were effectively enriched in abundance by the proportion of lherzolite removed (assuming D ¼ 0 for all elements). Although only an approximation, the very low partition coefficients and low incompatible element abundances in garnet lherzolite do not warrant a more complex approach. Given the broad range in 87 Sr/ 86 Sr and 143 Nd/ 144 Nd of mantle xenoliths entrained by South African kimberlites (e.g. Erlank et al., 1987; Walker et al., 1989; Pearson & Nowell, 2002) , as well as the particularly low Nd concentrations in mantle peridotites (<5 ppm Nd), the isotopic compositions of the kimberlites have been left unchanged.
Fractional crystallization
Crystal fractionation en route to the surface or during shallow emplacement and cooling of the kimberlite magma will affect the composition of the primary kimberlite magma. Fractionation of olivine and phlogopite, and possibly calcite, have been proposed, based on detailed studies of individual kimberlites (e.g. Beard et al., 2000; le Roex et al., 2003; Coe, 2004; Harris et al., 2004) . Evolved, aphanitic kimberlite, in particular, is a good example of the end product of such fractionation processes (le . Crystal fractionation/ accumulation may have occurred to variable degrees, for example via flow differentiation, in macrocryst-bearing kimberlites (e.g. the evolved Eendekuil kimberlite).
On the basis of a number of lines of evidence, le Roex et al. (2003) and Harris et al. (2004) have argued that the ubiquitous negative anomalies in K, Rb, Sr and Ti in primitive mantle-normalized trace element diagrams are not related to crystal fractionation processes, but are features of the primary magmas of the Group I Kimberley and Uintjiesberg kimberlites. Following the arguments presented by le and Harris et al. (2004) , we suggest that the ubiquitous negative Rb, K and Ti anomalies on primitive mantle-normalized trace element diagrams for the Group I kimberlites in this study are not the result of extensive phlogopite (Rb, K, Ti), ilmenite (Ti) or perovskite (Ti) fractionation (the last is supported also by the absence of an associated negative Nb and Ta anomaly), but are features of the primary kimberlite magmas. However, it is recognized that minor amounts of fractionation, as well as K and Rb mobility, may have an influence on the magnitudes of the anomalies.
Even though Nb and Ta are depleted in Group II kimberlites, the characteristic paucity of ilmenite and perovskite as groundmass phases (e.g. Skinner, 1989) argues against fractionation of a Ti-phase as the cause of the ubiquitous negative Ti anomaly and relative depletion in Nb and Ta in primitive mantle-normalized trace element patterns. Based on similar calculations to those used by le and Harris et al., (2004) , it can be argued that relative depletion in Rb, K, Sr, Ti, Nb and Ta is a primary feature of normal Group II and Group IIb kimberlites in this study, not caused by the fractional crystallization of phlogopite (K, Ti; Coe, 2004) . Furthermore, the strong relative depletion in K and Rb present in the Group IIb kimberlites is argued here not to be due to phlogopite fractionation, but to be a feature inherited from the mantle source region.
Composition of close-to-primary kimberlite magmas
To allow meaningful and regional inter-group comparison of the geochemistry of on-and off-craton Group I and Group II kimberlites, it is important to identify a representative composition for each kimberlite that is close-to-primary in character. Because of the hybrid nature of kimberlites, and as no examples of quenched kimberlite exist (Mitchell, 2004) , aphanitic kimberlite has been considered a proxy for a primary magma (Edgar & Charbonneau, 1993; Price et al., 2000) . More recently, le and Harris et al. (2004) have constrained the compositions of primary kimberlite magmas by using the trajectories between macrocrystic and aphanitic kimberlite on major element variation diagrams. However, owing to the regional nature of this study, primary kimberlite magma compositions cannot be constrained here using similar methods, as sufficient samples are not available from each locality. Here we define close-to-primary kimberlite magma compositions as those being least affected by alteration, crustal contamination and fractional crystallization, and, specifically, having been corrected for macrocryst entrainment where necessary (as described earlier). Not every kimberlite represents a close-to-primary magma (e.g. aphanitic Lekkerfontein kimberlite) and in a few cases (e.g. Pampoenpoort, Jonkerwater, Middlewater and Sandrift kimberlites, where samples were made available as powders from De Beers) the absence of thin sections prohibited any correction for macrocryst content; these samples are omitted from further discussion.
Inferred close-to-primary magma compositions of Group I kimberlites analysed in this study have $22-28 wt % MgO, $21-30 wt % SiO 2 , 2Á2-3Á1 wt % Al 2 O 3 , $10-17 wt % CaO, $5Á0-14 wt % CO 2 , $0Á2-1Á7 wt % K 2 O and 660-1190 ppm Ni, with Mg-number varying between 0Á82 and 0Á87; these are broadly similar to primary Group I kimberlite compositions proposed in other studies (Price et al., 2000; le Roex et al., 2003; Harris et al., 2004) . Group II kimberlites in this study have close-to-primary magma compositions with $28-38 wt % SiO 2 , $23-29 wt % MgO, $1Á0-4Á3 wt % Al 2 O 3 , $1Á6-4Á6 wt % K 2 O, 8Á1-13 wt % CaO, 1Á3-7Á4 wt % CO 2 and 590-1410 ppm Ni, with Mg-number between 0Á86 and 0Á89. The close-to-primary compositions of the analysed Group II kimberlites are similar to those of the Swartruggens and Star Group II kimberlites (Coe, 2004) , but tend be slightly more Mg-rich and less K 2 O-rich.
Inferred close-to-primary Group I kimberlite magma compositions from this study are also broadly consistent with experimental 'kimberlite' compositions (20-36 wt % SiO 2 , 1Á8-3Á2 wt % Al 2 O 3 , 26-30 wt % MgO), obtained from low-degree melting of a carbonated lherzolite by Dalton & Presnall (1998a) , except that the CaO content of the experimental kimberlites is significantly higher (15-31 wt %). The MgO and SiO 2 contents of inferred closeto-primary Group II kimberlites in this study also show some overlap with experimental compositions produced by <1% partial melting of a carbonated lherzolite at 6 GPa (Dalton & Presnall, 1998a) . Table 4 gives average Group I and Group II close-toprimary kimberlite magma compositions for major and trace elements and selected incompatible element ratios, calculated using data from this study and the literature (le Coe, 2004; Harris et al., 2004) . There is considerable scatter around the averages (as reflected by the reported standard deviations), but nevertheless certain elements stand out as being significantly different between the two kimberlite varieties. These include higher TiO 2 , Fe 2 O 3 , MgO and CaO, and lower SiO 2 and K 2 O in Group I kimberlites, and substantially higher Ba, Rb and Pb, and lower Nb and Ta in Group II kimberlites compared with Group I kimberlites. Although less marked, NiO appears to be slightly higher in Group II kimberlites on average than in Group I kimberlites (Table 4) . It is argued later that these differences are inherited from their respective source regions.
Partial melting models
Experimental studies have shown that Group I kimberlite-like magmas can be produced by low degrees of partial melting of a carbonated garnet peridotite mantle source at $3-8 GPa (Eggler & Wendlandt, 1979; Canil & Scarfe, 1990; Dalton & Presnall, 1998a) and that a continuum exists between carbonatitic and kimberlitic melts, with the transition between these magma types taking place between 0 and 1% melting (Dalton & Presnall, 1998a) . Ulmer & Sweeney (2002) have also shown that Group II kimberlites could be formed by partial melting of a carbonated garnet harzburgite or lherzolite at pressures up to 10 GPa.
The characteristic incompatible element enrichment and fractionated REE patterns of kimberlites are consistent with derivation by very low degrees of partial melting of metasomatically enriched sources (e.g. Wass & Rogers, 1980) . Partial melting is generally inferred to take place in Grégoire et al., 2003) and therefore clinopyroxene is likely to be the major mineral host of these elements during partial melting. The semi-quantitative modelling of kimberlite source compositions outlined below is, therefore, based on a source comprising metasomatized garnet lherzolite and very low degrees of partial melting (F <2%). Some workers have argued that in view of the absence of olivine and orthopyroxene as liquidus phases during the experimental melting of kimberlites and lamproites, the source of such magmas is not a lherzolite (Foley, 1992a; Edgar & Charbonneau, 1993; Girnis et al., 1995; Mitchell, 2004) , but rather some more exotic mineral assemblage (e.g. clinopyroxene-phlogopite veins; Foley, 1992b) ; this possibility is also explored. In view of the assumptions required to estimate primary kimberlite magma compositions, complex inversion modelling (e.g. Tainton & McKenzie, 1994) is not justified. Furthermore, given the number of assumptions that need to be made when modelling mantle melting processes, and to allow possible differences between the sources of Group I and Group II kimberlites, as well as on-and off-craton kimberlites to be recognized, it is necessary to restrict at least some of the variables. First, close-to-primary magma compositions were used together with a fixed degree (F ¼ 1%) of partial melting. Modal analyses of peridotite xenoliths entrained by onand off-craton kimberlites (Mathias et al., 1970; Maaloe & Aoki, 1977; Boyd & Mertzman, 1987; Franz et al., 1996; Grégoire et al., 2003; Boyd et al., 2004) tend to be broadly similar, particularly with regard to the proportion of modal garnet (3-9 vol. %); consequently, we have assumed a fixed modal mineralogy for both on-and offcraton source regions. Semi-quantitative forward modelling of batch melting is based on the residual source mineralogy to avoid having to assume the reaction coefficients of the melting equation, using the partition coefficients summarized by le .
Considering the unusual composition of kimberlites, the choice of suitable partition coefficients is limited to a silica-undersaturated system such as those for basaltic, carbonatitic or ultrapotassic melts (e.g. Schmidt et al., 1999) ; none of which are ideal for kimberlites. Partition coefficients for basalts were chosen for modelling for both Group I and Group II kimberlites, because of their availability as a coherent dataset of elements. Differences in the CO 2 content of close-to-primary Group I (0Á2-1Á7%) and Group II kimberlites (1Á3-7Á4%) were not considered large enough to justify the use of carbonatitic partition coefficients for Group II kimberlites.
The observation that Group II kimberlites have on average steeper LREE (higher La/Sm), but flatter HREE slopes (lower Gd/Yb) than Group I kimberlites (Fig. 4) , could imply differences in the source mineralogy. However, calculated melting trajectories (Fig. 8) illustrate that increasing the degree of partial melting decreases La/Sm and Gd/Yb, but cannot account for the differences between the kimberlite groups. Rather, it appears that Group II kimberlites are derived from sources with slightly higher La/Sm but lower Gd/Yb than Group I kimberlites. Given the difference in partition coefficients between La, Sm, Gd and Yb, this is consistent with derivation of Group II kimberlites from a source with less residual garnet but more residual clinopyroxene than that giving rise to Group I kimberlites. The residual modal mineralogy used for subsequent modelling is 67% olivine, 26% orthopyroxene, 3% garnet, 4% clinopyroxene for the Group I kimberlites. The residual modal mineralogy used for Group II kimberlites has the same olivine and orthopyroxene proportions (67% ol; 26% opx) as for Group I kimberlites but with less garnet (1%) and more clinopyroxene (6%). Although the measured La/Sm and Gd/Yb ratios of Kaapvaal garnet lherzolite xenoliths are variable, and show little correlation with the proportion of modal garnet or clinopyroxene (van Achterbergh et al., 2001; Grégoire et al., 2003; Simon et al., 2003) , the values used in the modelling and shown in Fig. 8 fall within the observed ranges.
Source region characteristics
Calculated compositions of mantle source regions in equilibrium with close-to-primary Group I kimberlites are all enriched in the LREE (4-25 · chondrite) and only slightly enriched in the HREE relative to chondrite (1Á8-3Á6 · chondrite; Fig. 9a ). They have La/Sm N ¼ 2Á3-3Á9 and La/Yb N ¼ 1Á9-11Á5, but are depleted in the less incompatible elements relative to primitive mantle (Yb ¼ 0Á5-1 · primitive mantle; Fig. 9b) . Similarly, calculated sources are also enriched in the more incompatible elements relative to primitive mantle (e.g. Th ¼ 1-9 · primitive mantle). In the absence of residual phases capable of fractionating individual elements, the negative anomalies present in the close-to-primary magma compositions are transferred to the predicted source regions (Fig. 9b) . Consequently, the calculated sources have negative Rb, Sr, K and Ti anomalies (K/K* <0Á2; Ti/Ti ¼ 0Á2-0Á7), as well as more subdued negative Hf anomalies. Predicted source compositions generally show good overlap with those calculated for the Group I on-craton Kimberley kimberlites and off-craton Uintjiesberg kimberlite . Calculated source compositions overlap the field of garnet lherzolites from the Kaapvaal craton for all elements other than K, which is significantly more depleted in the predicted sources than in peridotites (Fig. 9b) . However, many of the peridotites from the study of Grégoire et al. (2003) contain modal phlogopite and are thus likely to have elevated K concentrations.
Because both on-and off-craton source compositions are calculated using the same parameters, any differences in the respective kimberlite magma compositions will be transferred to the sources. Consequently, predicted source compositions of off-craton Group I kimberlites appear to have lower La/Sm, La/Yb and Gd/Yb than on-craton Group I kimberlites. Alternatively, if the onand off-craton sources were compositionally similar, then the off-craton kimberlites formed by slightly higher degrees of partial melting, as all Group I kimberlites fall roughly on the same melting trajectory (Fig. 8) .
Predicted source regions in equilibrium with close-toprimary Group II kimberlite magmas are all enriched relative to chondrite, with the LREE (5-37 · chondrite) being considerably more enriched than the HREE (0Á9-2Á6 · chondrite; Fig. 9c ). The sources of the Group IIb kimberlites are more enriched in the incompatible elements with higher La/Sm and La/Yb (La/Sm N $ 6Á9) than those of normal Group II kimberlites (La/Sm N ¼ 3Á2-5Á4), suggesting that they are possibly lower degree partial melts than some of the other Group II kimberlites analysed in this study (Fig. 8) . Calculated sources are also enriched in the highly incompatible LILE and HFSE and depleted in the less incompatible elements, relative to primitive mantle (e.g. Th ¼ 1-11 · primitive mantle and Yb ¼ 0Á3-0Á8 · primitive mantle, respectively; Fig. 9d ). Negative Rb, K and Ti anomalies are larger for the sources of Group IIb kimberlites (K/K* $0Á1, Ti/Ti* $0Á2) than normal Group II kimberlites (K/K* ¼ 0Á3-1Á0, Ti/Ti* ¼ 0Á2-0Á6). All Group II kimberlite source regions show subdued depletion in Sr, Ta and Nb (La/Nb N ¼ 1Á5-3Á9), and slight enrichment in Pb (Ce/Pb N ¼ 0Á2-1Á0). Calculated source compositions (Fig. 9d) fall within the field of garnet lherzolite xenoliths from Grégoire et al. (2003) . There appear to be no significant differences in calculated source compositions between on-and off-craton Group II kimberlites.
A number of recent studies of kimberlite petrogenesis based on bulk-rock geochemistry (Tainton & McKenzie, 1994; Beard et al., 1998; Beard et al., 2000; le Roex et al., 2003; Chalapathi Rao et al., 2004; Coe, 2004; Harris et al., 2004) have all argued that the source regions of kimberlites have (at least) a two-stage evolutionary history, comprising initial melt-depletion with subsequent metasomatic enrichment in incompatible elements. Closeto-primary magmas of on-and off-craton Group I and Group II kimberlites all have high Mg-numbers (Mg-number ¼ 0Á82-0Á89) and compatible trace element concentrations (e.g. 650-1400 ppm Ni) that suggest equilibration with residual olivine of Fo 92-96 , having more than 2000 ppm Ni [calculated using K D Fe-Mg ¼ 0Á34-0Á36 (Herzberg & O'Hara, 2002) and D Ni from Beattie et al. (1991) ]. It is notable that the calculated compositions of residual olivine in equilibrium with close-to-primary kimberlites tend to be more similar to refractory olivine included in diamonds than to olivine from Kaapvaal peridotite xenoliths (e.g. Phillips et al., 2004) . All kimberlites have low Al 2 O 3 and Sc concentrations, as well as relative depletion in the HREE and fractionated HREE patterns indicative of the role of residual garnet, and suggest derivation from previously depleted mantle source regions (Tainton & McKenzie, 1994) . Studies of peridotite xenoliths from the Kaapvaal craton and surrounding Proterozoic mantle have recognized that the SCLM beneath southern Africa has a depleted or infertile character, deficient in Fe, Ca and Al in comparison with oceanic mantle; additionally the Archaean mantle is more refractory than the younger Proterozoic mantle (Boyd & McCallister, 1976; Boyd & Mertzman, 1987; Boyd et al., 2004) . Given the apparent initial depleted character of kimberlite source regions, we concur with Tainton & McKenzie (1994 and Harris et al. (2004) , who have argued that they are more likely to be located within the SCLM than within the convecting asthenosphere.
Residual accessory phases
As forward modelling is based on a residual garnet lherzolite source with no accessory phases present, bulk partition coefficients for Rb, K, Ti, Sr and Nb during partial melting are all substantially less than unity; thus any anomalies in the close-to-primary kimberlite magmas are transferred to their source regions. Although some workers have argued for the presence of a residual Kbearing phase during partial melting to be the cause of negative K anomalies in some other alkaline magmas (e.g. Rogers et al., 1992; Späth et al., 2001; Williams et al., 2004) , others such as le and Harris et al. (2004) have argued that these are primary features of kimberlite source regions.
GROUP II KIMBERLITES
Kaapvaal Gnt-lherz. and on-craton Swartruggens and Star Group II kimberlites (Coe, 2004) are shown for comparison. Dark shaded field represents garnet lherzolite xenoliths from the Kaapvaal craton (Grégoire et al., 2003) . Normalizing values are from Sun & McDonough (1989) .
GROUP I KIMBERLITES
Notwithstanding the possible superimposed effect of low-temperature element mobility, evaluation of the ubiquitous negative Rb and K anomalies in the Group I kimberlites analysed in this study leads us to the same conclusion regarding the origin of the apparent depletion in these elements, i.e. that it is a primary source feature, and does not result from buffering by residual phlogopite. The role of residual phlogopite in Group II kimberlites is more ambiguous. Unlike Group I kimberlites, the absolute K content of Group II kimberlites is consistent with the presence of residual phlogopite (based, for example, on stoichiometry considerations and melting modes; Späth et al., 2001) , although most show only a minor relative depletion in K, suggesting that if present initially, phlogopite was fully or close to fully consumed during melting. This is consistent with the experimental evidence that phlogopite is not stable on the Group II kimberlite liquidus during melting in the presence of carbonate at pressures greater than 4-6Á5 GPa, but rather breaks down to form garnet, orthopyroxene and a K-rich liquid (Yamashita et al., 1995; Ulmer & Sweeney, 2002 ). An exception to this generalization might be the Group IIb kimberlites that show strong relative depletion in K (Fig. 6b) Group II kimberlites show a distinct, and characteristic, depletion in Nb and Ta relative to elements of similar incompatibility (e.g. Fig. 6b ), which suggests possible buffering against a residual titanate phase, such as rutile. Because rutile is typically a metasomatic phase (Haggerty, 1987) , it is likely to be preferentially melted. However, simple calculations involving the Ti budget and melt mode suggest that the presence of residual rutile during partial melting is unlikely, as it would be entirely consumed after <0Á5% partial melting (Coe, 2004) . It is, therefore, interpreted that the relative depletion in Nb and Ta (La/Nb N >1Á3; Fig. 4b ) is a characteristic source feature of all Group II kimberlites analysed in this study. Furthermore, the presence of negative Nb and Ta anomalies in Karoo basalts (Marsh et al., 1997) , argued by some workers to represent subcontinental lithospheric melts (e.g. Hawkesworth et al., 1984) , as well as in some Kaapvaal craton xenoliths and their constituent minerals (van Achterbergh et al., 2001; Grégoire et al., 2003) , suggests that this may be an important characteristic of the subGondwana lithosphere.
Close-to-primary kimberlite magmas are, therefore, argued to have been unaffected by residual phlogopite or any titanate phases. Following the preferred models of le and Harris et al. (2004) for Group I and Coe (2004) for Group II close-to-primary kimberlite magmas, depletion in Rb, K, Ti and, to a lesser extent, Sr, Hf and Nb-Ta (Group II kimberlites) are characteristics inherited directly from their source regions.
Timing of source enrichment
Nd isotope signatures of on-and off-craton Group I kimberlites are depleted relative to present-day Bulk Earth; minimum Nd model ages calculated with respect to CHUR and Depleted Mantle suggest that metasomatic enrichment of their source regions occurred relatively recently (0-700 Ma), possibly just prior to the Jurassic-Cretaceous emplacement of Group I kimberlites. The Group II kimberlite sources, however, are characterized by time-integrated 143 Nd/ 144 Nd ratios indicative of ancient LREE source enrichment (this study ; Smith, 1983; Fraser et al., 1985 Fraser et al., -1986 Coe, 2004) . Calculated model ages suggest source enrichment at 600-900 Ma relative to CHUR, or 1000-1300 Ma relative to Depleted Mantle, but, most importantly, they indicate that the source regions of Group II kimberlites were metasomatically enriched considerably prior to those of Group I kimberlites. Similar geochemical compositions and Nd model ages for both on-and off-craton Group II kimberlite source regions suggest enrichment after the collision of the Proterozoic Namaqua-Natal belt and the Kaapvaal craton at $1Á2-1Á0 Ga (Thomas et al., 1994) .
DISCUSSION
The expanded geochemical dataset for both Group I and Group I kimberlites provided by this study affords the opportunity to investigate the cause of similarities and differences more rigorously than has been possible in the past, to investigate geodynamic relationships, to compare the influence of on-and off-craton settings, and to evaluate the possible origin of the metasomatic fluids that have enriched their mantle source regions.
On-craton vs off-craton differences
The role of tectonic setting, in terms of on-or off-craton locations, in controlling kimberlite geochemistry is ambiguous. Group II kimberlites show little systematic difference in major and trace element or Nd-Sr isotope geochemistry between on-and off-craton varieties, suggesting that both Proterozoic and Archaean mantle sources have experienced similar evolutionary histories leading up to Group II kimberlite magmatism. Both onand off-craton Group II kimberlites appear to derive from within the garnet stability field, although the presence of diamonds in the on-craton kimberlites suggests derivation from greater depths. In contrast, off-craton Group I kimberlites tend to fall towards the low SiO 2 and MgO, but high FeO*, TiO 2 , CaO and CO 2 ends of the compositional fields of their on-craton counterparts (Fig. 2) , suggesting possible derivation from more fertile mantle sources (Boyd & McCallister, 1976; Janney et al., 2001; Boyd et al., 2004) . Alternatively, experimental studies suggest that partial melting at lower pressures results in a decrease in SiO 2 and MgO, and increase in FeO, Al 2 O 3 , CaO and CO 2 (e.g. Herzberg, 1992; Dalton & Presnall, 1998b; Gudfinnsson & Presnall, 2003) , which would be consistent with the absence of diamonds in offcraton Group I kimberlites (Clifford, 1966) , although both varieties are still derived from within the garnet stability field, based on similarly fractionated HREE patterns (Fig. 5a) . LREE/HREE ratios also suggest that offcraton Group I kimberlites are higher degree melts than on-craton varieties (Fig. 8) , in disagreement with the experimental studies of Dalton & Presnall (1998a) and Herzberg (1992) , which indicate that partial melts become progressively richer in SiO 2 and MgO as the degree of melting increases.
Alternatives to a garnet lherzolite source
Given that the source regions of Group II kimberlites appear to be more highly enriched in incompatible elements than those of Group I kimberlites, a more exotic source mineralogy, corresponding to the 'clinopyroxene and mica rich-vein' model of Foley (1992b) needs to be considered. Foley (1992b) has argued that the source of ultrapotassic rocks is free of olivine, because of the absence of olivine as a liquidus phase in various experimental studies (e.g. Foley, 1992a; Girnis et al., 1995) , and that the resulting magmas are hybrids of vein (e.g. cpx, phlog, apatite, spinel) and wall-rock components (e.g. ol, opx, cpx, garnet) with initial melting taking place within the vein. The presence of cross-cutting veins in mantle samples is well established (e.g. Erlank et al., 1987) ; these may represent the channelways for metasomatic fluids that then cryptically or modally metasomatize the wall rock, or are the final product of extensive modal metasomatism. Grégoire et al. (2002) have recently published REE abundances in phlogopite and clinopyroxene from phlogopite-rich mantle xenoliths from the Kimberley region, which allows evaluation of the Foley (1992b) model. Clinopyroxene associated with phlogopite in such xenoliths appears to have chondrite-normalized REE patterns that are slightly convex upward with respect to the middle REE, i.e. La and Ce are slightly depleted relative to Nd and Sm, whereas phlogopite is virtually devoid of REE. The bulk composition thus essentially reflects uniform dilution of the clinopyroxene concentrations by the amount of phlogopite present. If one assumes a vein source comprising 50% each of clinopyroxene and phlogopite, then very low degrees of melting (1%) will give REE patterns reasonably similar with respect to the HREE, but very distinct with respect to the LREE from those seen in Group II kimberlites (Fig. 10) , with the latter having very much steeper LREE patterns (La/Sm N ¼ 8 AE 2, Table 4 , vs La/Sm N $2 in the vein melts). One per cent melting is probably low for melting within a metasomatic vein, and more realistic higher degrees of melting will only exacerbate the discrepancy.
High Mg-number as well as Ni and Cr contents of close-to-primary Group II kimberlite magmas provide a further argument against a clinopyroxene-phlogopite vein source, in that they require equilibrium with refractory olivine at some stage during their petrogenesis. Similarly, Re-Os isotopes and Os population studies imply that Group II kimberlites are derived from melting of olivine-rich sources (Pearson et al., 1995 . These observations together suggest that if vein melting was involved, then considerable wall-rock interaction took place to give the kimberlites their refractory character.
Metasomatic veining is a variant of disseminated modal metasomatism (e.g. Menzies et al., 1987) , and the modelling technique used here is unable to discriminate the physical nature of metasomatic enrichment to this level of detail. Moreover, it is based on the modal residual mineralogy at the time of melt extraction; we therefore favour a model of melt generation from a modally metasomatized garnet lherzolite.
Role and origin of metasomatizing fluids
The geochemically enriched nature of the calculated Group I and Group II kimberlite source regions, coupled with the evidence for refractory compositions (high Mgnumber and Ni; low Al 2 O 3 and HREE), argues for metasomatic enrichment of a previously melt-depleted source region. Many peridotite xenoliths entrained by kimberlites show evidence for progressive metasomatism reflected in increasingly greater modal proportions of Fig. 10 . Calculated chondrite-normalized REE patterns for a 1% partial melt of a clinopyroxene-phlogopite vein compared with average close-to-primary Group II kimberlite compositions. Vein composition calculated assuming 50% clinopyroxene and 50% phlogopite, using published REE abundances from clinopyroxene and phlogopite in clinopyroxene-phlogopite xenoliths from the Kimberley region (Grégoire et al., 2002) . Chondrite normalizing values are from Sun & McDonough (1989) .
phlogopite, AE K-richterite, but with lower proportions of garnet (Erlank et al., 1987; Waters & Erlank, 1988) . Textural and geochemical evidence indicates that phlogopite, clinopyroxene and Cr-spinel all grow at the expense of garnet (Erlank et al., 1987; van Achterbergh et al., 2001; Grégoire et al., 2003; Simon et al., 2003) . These reactions are consistent with our earlier arguments that the distinct differences in REE ratios between Group I and Group II kimberlites, and the more Si, K and LILE-enriched character of the latter, are due to their sources having more clinopyroxene and phlogopite formed by metasomatism at the expense of garnet than those of Group I kimberlites. Group II kimberlites, are therefore interpreted to be derived from more highly metasomatized source regions than Group I kimberlites, and although there may be more phlogopite present in the source of the former, this phase is likely to be entirely consumed during partial melting (Ulmer & Sweeney, 2002) .
It has been argued above that the source of both Group I and Group II kimberlites is the melt-depleted SCLM, enriched through percolation of metasomatic melts or fluids derived from sub-lithospheric sources. Hf isotope evidence from at least the MARID xenoliths in Group I kimberlites supports the involvement of the SCLM and asthenospheric mantle (Choukroun et al., 2005) . Differences in diagnostic trace element ratios and Sr and Nd isotope compositions of Group I and Group II kimberlites allow a comment on the likely origin of the metasomatic fluids responsible for the enrichment of their respective source regions. Group I kimberlites have unradiogenic Sr and radiogenic Nd isotope ratios, similar to ocean island basalts (OIB; Fig. 7 ), which led Smith (1983) to propose that their sources contain an asthenospheric component. More recently, le and Harris et al. (2004) have shown that certain diagnostic incompatible trace element ratios in Group I kimberlites correspond to those characteristic of OIB (e.g. Nb/U ¼ 47 AE 10; Ce/Pb ¼ 25 AE 5; Hofmann et al., 1986) . Figure 11 shows selected incompatible element ratios of Group I kimberlites from this study and the correlation with South Atlantic OIB compositions is clear, with Group I kimberlites having Ba/Nb <12, La/Nb <1Á1, Ce/Pb >22 and Th/Nb <0Á14. Given this strong correlation, and following le and Harris et al. (2004) , we argue that the enrichment of Group I kimberlite SCLM source regions is a consequence of upward percolation of alkaline melts or fluids sourced from upwelling Mesozoic mantle plumes that impinged on the base of the lithosphere just prior to continental break-up. Nd model ages are consistent with this relatively recent enrichment. In a geodynamic context, the plumes are inferred to have provided both material, in the form of metasomatizing alkaline fluids or melts, and heat to initiate melting to give rise to Group I kimberlite magmatism. In this regard, le Roex (1986), le and Harris et al. (2004) have noted that the age of Cretaceous Group I kimberlite magmatism corresponds to the passage of southern Africa over the Shona and Bouvet mantle plumes, currently located in the South Atlantic. By analogy, and although not forming part of this study, source regions of older Group I southern African kimberlites (e.g. Premier, Kuruman cluster) would have been metasomatized by melts or fluids derived from sub-lithospheric upwellings beneath the craton during the Proterozoic.
Group II kimberlites have an isotope signature that requires ancient enrichment of their source regions, and subsequent isolation from the convecting mantle to allow development of their more extreme isotopic compositions that are unlike OIB (Fig. 7) . In contrast to Group I kimberlites, diagnostic elemental ratios of Group II kimberlites are clearly very distinct from those characteristic of OIB (Fig. 11) , largely as a result of their relative depletion in Nb and Ta, and enrichment in Pb. Group II kimberlites also have lower absolute TiO 2 contents with larger negative Ti anomalies than Group I kimberlites. Depletion in Nb and other HFSE is a classic signature of calc-alkaline magmas in subduction zones (e.g. Elliott et al., 1997; Woodhead et al., 1998) , and it is evident from Fig. 11 that the fields for Group II kimberlites strongly overlap with those for calc-alkaline magmas. Fluids derived from subduction zones are characterized by raised Ba/Th ratios, whereas melts derived from the down-going sediment pile tend to have raised Th/Nb ratios (e.g. Elliott et al., 1997; Woodhead et al., 1998) . Group II kimberlites trend towards high Ba/Th and Th/Nb ratios, suggesting that both subduction zone fluids and sediment melt were involved in the metasomatic overprint of their lithospheric mantle source regions. This is consistent with the model of Helmstaedt & Gurney (1984) , who suggested that the sources of kimberlites were metasomatized by volatiles derived from subducted slabs.
Minimum Nd model ages and the similar geochemical characteristics of on-and off-craton Group II kimberlites suggest that metasomatic enrichment occurred after welding of the Proterozoic mantle underlying the Namaqua-Natal belt to the Archaean Kaapvaal craton. As no differences have been recognized between the isotopic and trace element signatures of on-and offcraton kimberlites, both Archaean and Proterozoic kimberlite source regions appear to have been enriched by the same metasomatic event. If multiple subduction and accretion events occurred during the 1Á2-1Á0 Ga formation and metamorphism of the Namaqua-Natal belt (Thomas et al., 1994) , similar to that imaged by the Lithoprobe study in Canada (e.g. Cook et al., 1999) , then upward percolating melts or fluids derived from the down-going slabs would have affected both overlying Proterozoic and Archaean mantle. Metasomatism by subduction zone fluids associated with the Pan-African event in southern Africa may also have contributed to the enrichment of on-and off-craton Group II kimberlite mantle source regions.
Independent support for this source region characteristic is found in the compositions of clinopyroxene in mantle xenoliths from both the Kaapvaal craton (e.g. Grégoire et al., 2003) , and the Namaqua-Natal belt (A. P. le Roex & C. Class, unpublished data, 2005) . In both tectonic settings, clinopyroxenes with two distinctly different geochemical signatures can be identified, both showing evidence for metasomatic enrichment, but one having strong depletion in Nb and Ta and greater LREE enrichment. McKenzie & O'Nions (1983) have argued that the sources of mantle plumes may be delaminated SCLM and thus, in theory, such plumes could be the source of metasomatic fluids with the Group II kimberlite geochemical signature. However, this is deemed unlikely as no OIB within the South Atlantic or Southern Ocean shows depletion in Nb or isotopic signatures similar to Group II kimberlites (le Roex & Erlank, 1982; Hart, 1988; le Roex et al., 1990) . Although Tristan, Gough and Discovery OIB have high Ba/Nb ratios similar to Group II kimberlites, this is a feature of high Ba in EM-1 OIB, thought to reflect a subducted sediment component in the mantle plume source, rather than depletion in Nb (le Sun & McDonough, 1989; Weaver, 1991) . The palaeo-tracks of these particular OIB plumes also suggest that they are unlikely to have influenced South African kimberlite SCLM source regions (Hartnady & le Roex, 1985; le Roex, 1986; O'Connor & le Roex, 1992) . It is noteworthy that the 180 Ma Karoo continental flood basalts show similar depletion in Nb, Ta and Ti, with strongly enriched isotope signatures Hawkesworth et al., 1984) , suggesting that they may have been derived from a common source region located within the sub-Gondwana continental lithosphere. After the massive outpouring of the Karoo continental flood basalts at 180 Ma (Marsh et al., 1997) , and the eruption of Group II kimberlites from 200 to 110 Ma (e.g. Skinner, 1989; Gurney et al., 2005) , the more highly metasomatized source appears to have been largely exhausted. Consequently, the younger ($110-70 Ma; Smith et al., 1985a Smith et al., , 1994 on-and off-craton Group I kimberlites analysed in this study were derived from the more recently (Mesozoic) enriched lithospheric mantle carrying a plume signature. The off-craton Group I East Griqualand kimberlites (Abbotsford East and Zeekoegat) erupted at $150 Ma (Davis, 1977; Smith et al., 1985a) , prior to many of the Group II kimberlites, were derived from a mantle source region apparently unaffected by subduction zone metasomatism, but enriched by melts or fluids that have been associated with the Bouvet mantle plume, inferred to have underlain East Griqualand at that time (le Roex, 1986) . Although the geochemistry of Group II kimberlites shows no evidence for a plume component, it is possible that the Mesozoic mantle plumes lying beneath South Africa at the time of Gondwana break-up provided the heat source for partial melting within the overlying metasomatized lithospheric mantle that led to Group II kimberlite magmatism.
CONCLUSIONS
Detailed bulk-rock major and trace element and Nd-Sr isotope data of over 20 Group I and Group II kimberlites emplaced on and off the Kaapvaal craton allow recognition of clear similarities and differences in their geochemistry, and allow constraints to be placed on their genesis and the evolution of their mantle source regions.
(1) Group I kimberlites tend to have higher TiO 2 , CaO and CO 2 , but lower SiO 2 and K 2 O, compared with Group II kimberlites, whereas Group II kimberlites have slightly higher Ni, and substantially higher Ba, Rb and Pb and lower Nb and Ta concentrations. Diagnostic trace element ratios of Group I kimberlites that distinguish them from Group II kimberlites include Ba/Nb <12, La/Nb <1Á1, Ce/Pb >22 and Th/Nb <0Á14. These differences are interpreted to reflect differences inherited from their respective source regions.
(2) Marginally lower SiO 2 and MgO, but higher TiO 2 , CaO and CO 2 , in off-craton Group I kimberlites compared with their on-craton counterparts suggest derivation of the former from slightly less depleted source regions, or at slightly lower pressures, than on-craton kimberlites. The lower La/Sm, La/Yb and Gd/Yb of off-craton Group I kimberlites also are consistent with derivation by slightly higher degrees of melting than oncraton kimberlites. No significant differences are observed between on-and off-craton Group II kimberlites.
(3) Semi-quantitative modelling indicates that the high Mg-number (0Á82-0Á89) and Ni (600-1400 ppm) contents coupled with strong enrichment in incompatible elements of both Group I and Group II close-to-primary kimberlites requires derivation from a refractory source that has subsequently been metasomatically enriched. Calculated source compositions are not unlike those observed in garnet lherzolites from the Kaapvaal craton, with La ¼ 4-37 · chondrite and Yb ¼ 0Á9-3Á6 · chondrite.
(4) Contrasting REE ratios between Group I and Group II kimberlites (higher La/Sm and La/Yb, and lower Gd/Yb in Group II kimberlites) suggest that the source regions of Group II kimberlites have a greater modal proportion of clinopyroxene but less garnet, consistent with being more highly metasomatized than the Group I kimberlite source regions.
(5) The requirement for a refractory source protolith that was subsequently metasomatically enriched prior to melting is taken to imply that the source region of both Group I and Group II kimberlites is located within the SCLM. Characteristic trace element and Nd-Sr isotope ratios indicate that source regions of on-and off-craton Group I kimberlites have been enriched by OIB-like fluids or melts associated with the passage of Mesozoic mantle plume(s) beneath the SCLM. Diagnostic Nd-Sr isotope and trace element ratios of Group II kimberlites are unlike those of Group I kimberlites or OIB, but show more affinity to calc-alkaline magmas. We interpret this to suggest ancient metasomatic enrichment associated with the infiltration of subduction zone derived fluids or melts, which affected both the Archaean and Proterozoic lithospheric source regions of Group II kimberlites. Mesozoic mantle plumes may have subsequently provided the heat source to initiate partial melting and Group II kimberlite generation at the time of continental break-up.
